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t Institute for Solid State Physics, The University of ToQo, Ropponpi, Minato-ku, Tokyo 106, 
Japan 
f Department of Physics, Faculty of Science, Sdtama University, 255 Shimo-Ohbo, Urawa, 
Saitama 338, Japan 

Received 22 September 1994, in final form 1 June 1995 

AbStract. The magnetic ordering of the S = $ Heisenberg antiferromagnet on a 
rhombohedrally stacked hiangular lattice LiCro2 is studied by susceptibility, neutron diffracton 
and polarization analysis measurements using a single crystal. The t e m p e "  dependence 
of the suseeptibiity strongly suggests that a 1200 stmctm is established in each quasi-WO- 
dimensional layer, which is parallel to the c plane. Assuming the 120° smcture in which 
magnetic moments a!t confined in a plane including the c axis because of an king-lyp 
anisompy. neutron scattering shows lhat the magnetic ordering is a doub1-Q structure with 
nonquivalent wave numbers q = (:io) and (-ff;). It is characterized by an alternating 
sequence of rotational direction of the 120° svucNTe along the c axis. 

1. Introduction 

Antiferromagnets on a purely two-dimensional (2D) triangular lattice have been shown to 
have interesting magnetic properties [la]. For classical (S = CO) XY or Heisenberg 
spins, the ground-state magnetic ordering is the non-collinear 120' structure, in which 
three sublattice spins rotate 120" from one another. Because of this 120" structure, phase 
transitions in the 2D hiangular lattice show interesting behaviour [2,3]. If this hiangular 
lattice is stacked rhombohedrally, ABCABC stacking, and a weak interlayer exchange 
coupling is inaoduced, the three-dimensional magnetic structure becomes a complicated 
problem. If the 120" smcture is preserved in the layer, each molecular field from first- 
and second-neighbouring layers is cancelled out. Consequently the magnetic ordering is 
governed by subtle balances and small perturbations. 

The problem of the quasi-21) rhombohedral antiferromagnet was studied by Rastelli and 
Tassi [5] for nearest-neighbour intralayer (J) and interlayer (1') exchange couplings  see 
only Cr sites of figure 1). They showed that the classical ground state is the single-Q helical 
ordering 

(1) 

where a is a complex polarization vector a = a' - ia" with real vectors a' and a" which 
are la'[ = la"[ and a' I a". The wave number p has infinite degeneracy on a degeneration 
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line 

for small J'. A slightly incommensurate modulation (U, U # 0) in the c plane produces 
an interlayer molecular field and stabilizes the classical energy. The infinite degeneracy is 
lifted by perturbations such as the quantum correction [SI, a magnetic field perpendicular 
to the c axis [5] and further-neighbour exchange interactions [6]. They stabilize a point on 
the degeneration line (2) at either 5' = 0 or r = 4 

The Heisenberg antiferromagnet on the quasi-2D rhombohedral lattice is realized in 
some Cr compounds, ACf i  (A = Li, Na, K) [7-111 of the a-NaFeOz structure, illustrated 
in figure 1, and MCrOz (M = Cu, Ag) [I2441 of the delafossite structure. Magnetic 
structures of CuCrOz 1131 and AgCr0z [14] were studied by powder neutron diffraction. 
Magnetic reflections of CuCr02 are well described by the Q = ( f f E  = 0,1,2,. . .) series, 
which are consistent with the above scenario for small J ' / J .  The magnetic modulation of 
AgCrOz is Q = (0.327,0.327,0), which suggests a slight modulation of the three-sublattice 
structure due to a larger interlayer coupling. 

On the other hand, neutron diffraction on powder [SI and single-crystalline [9] samples 
of LiCr02 showed that there are non-equivalent two modulations Q = ( $ : I ) ,  I = 0 and 
I = $. This implies either that magnetic ordering of LiCrOz consists of two domains with 
I = 0 and $, or that a multi-Q structure is established. The single-crystal neutron diffraction 
[9] showed that there is 2D diffuse scattering as a scattering rod along Q = (fi<) around 
TN, and proved the 2D character, which was expected from the crystal shucture illushated 
in figure 1. Because of this 2D character and the Heisenberg nature of Cs+  spins, it is 
expected that magnetic ordering in each triangular plane, parallel to the c plane, is the 
120" structure in which magnetic moments are confined either in the c plane or in a plane 
including the c axis, which depends on the anisotropy. However the proposed magnetic 
structure from the singlecrystal study [9] is quite different from this expectation. It is 
a superposition of the 120" structure in the c plane and a magnetic ordering of the c 
axis component. To resolve this discrepancy, we re-examined the magnetic ordering of 
LiCrOz using a newly prepared single crystal by means of neutron diffraction and magnetic 
susceptibility measurement, which has not been reported for a single crystal. In addition to 
the standard neutron diffraction technique, we utilized polarization analysis, by which one 
can unambiguously distinguish between the 120" structures in the c plane and in a plane 
including the c axis. 

2. Experimental details 

Single crystals of LiCrOz were grown by the LizGPbGBZO3 flux method. A typical 
starting composition of the solution was 0.065 mol of LiZCO,, 0.014 mol of PbO, 0.034 mol 
of Bz03 and 0.22 mol of C r z a .  The reagents were mixed and packed into a 50 ml Pt 
crucible and heated in an electric furnace to 1300°C for 24 hours in air. After soaking, 
the furnace was cooled at a rate of 3 "C h-' to 800°C. and then naturally cooled to room 
temperature. The crystals were separated from the solidified flux by leaching the crucible 
in hot and dilute HNOs for several houri. The obtained crystals were checked with single- 
crystal x-ray diffraction and scanning electron microscope analyses. The specimen used in 
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Figure 1. Crystal structure of Licl and 18 sublattices c lagnetic s t r u c h .  Cr sites form 
a rhombohedral lattice. The 18 sublattices are represented by A", B, and Cn(n = 0. 1.. . . , 5 ) ,  
and are also shown by projection along the e axis. Thick solid and dashed l i  represent 
nearcst-neighbour exchange intemtiom in the e plane, J ,  and b e m n  the c planes, J'. e, is a 
direction in the c plane rotaced by an angle II hom the a axis, and is used to show model spin 
structures &awn in figure 5. 

this experiment was 1 1  mm3 in volume. 
Magnetic susceptibility was measured in a magnetic field of 2 T using a commercial 

Quantum Design Co. SQUID magnetometer. Unpolarized neutron diffraction experiments 
were performed on the ISSP-GPTAS triple-axis spectrometer installed at JRR-3M JAERI 
(Tokai) with the double-axis configuration. A pyrolytic graphite (002) reflection was used 
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for the monochromator. Higher-order neutrons were removed by the pyrolytic graphite 
filter. The neutron energy was fixed at either 13.7 or 30.5 meV, and collimations 30'40'- 
40' were employed. A polarization analysis experiment was carried out on the ISSP- PONTA 
spectrometer at JRR-3M using a Heusler polarizer. Neutrons of 13.7 meV and collimations 
30'-80'-80'-80' were used. Higher-order neutrons were removed by the pyrolytic graphite 
filter. The sample was mounted in a closed cycle 4He gas refrigerator, so that the horizontal 
scattering plane of the spectrometer coincided with the (h h l ) ,  (h 0 I )  or (h k 0) zone. 

3. Experimental results: 

3.1. Magnetic susceptibility 

The temperature dependence of the magnetic susceptibility is shown in figure 2.  The 
susceptibility is almost temperature independent, and shows no anisotropy above TN 
and a very small anisotropy ~ 1 1 .  > X_LS below TN. No anisotropy and very weak 
temperature dependence of the susceptibility are well known characteristics of the 
Heisenberg antiferromagnet on the 2D triangular lattice. These were shown by a Monte 
Carlo simulation [31 and were observed in the real antiferromagnets VBrz and VCl, [15]. 
Therefore the susceptibility data strongly suggest that LiCrOZ is a good quasi-2D system. 

2.5 

2.0 

1 2 1.0 
v 

x 

0.5 

0.0 

T (K) 
Figure 2. Temperatwe dependence of magnetic susceptibiliry. 

3.2. Unpolarized neutron difJraction 

Crystal structure refinement of LiCrOz was performed by both the previous neutron powder 
[81 and single-crystal [9] experiments. To confirm their results, we also performed it using 
(hO1)-type reflections, and obtained the same result. It is summarized in table 1. 
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Table 1. Observed and calculated squares of strucNre factors of LicroZ al T = 300 K (space 
group, Rjm; atomic positions, Cr (0, 0, O),  Li (0.0, i) and 0 (0.0. z )  z = 0.2575(3)). 

hkl I@& IFIL 
003 6 2  4.6 
006 8.0 8.0 
OW ~0.059 0.050 
107 7.1 7.8 
104 12 16 
101 3.1 2.2 
ioi 10.6 8.7 
10s ,0.83 0.71 
ioi 11 14 
205 0.61 0.71 
202 8.8 8.7 
20i 2.9 2.2 
20i 8.2 7.8 

Magnetic reflections of LiCrOZ we&  observed at ( f f l )  and ($51)  with I = 
0, ki, f l ,  fi, &2, . . . as reported in the previous work [9]. By scans along ( f ,  f ,  C), 
(5,  g, I )  and (f + 5 ,  f - 5, 0). we recognized that the magnetic Bragg scattering is 
not~resolution limited along the c axis. Typical scans through ($40) are shown in 
figure 3. The scan along the [I101 direction is resolution limited, whereas the scan 
along the c axis clearly shows broadening. The profiles were fitted by a Gaussian 
form 8(AQlc) ~ X ~ [ - ( A Q # ~ / K ~ ) * ]  convoluted with the inskumental resolution which was 
measured using the nuclear Bragg scattering. The convoluted profiles are also plotted in 
figure 3. The fitted parameter is ~ 1 , ~  = 0.023 r.1.u. = 0.0098 L-l. We notice that profiles of 
other reflections with I = $, 1, 1.2,. . . can be fitted by this value. The correlation length 
of the magnetic ordering along the c axis is about l/qe = 100 A. w e  think that the finite 
correlation length is brought about by certain randomness such as impurities and defects of 
the lattice, which easily destroys weak interlayer coupling. 

As discussed in the introduction, a displacement of the magnetic reflection from the 
commensurate (ff0) on the c plane may be observed. We checked this possibility in 
the ( M O )  zone, but did not detect any displacement. Experimental upper limits of the 
displacement are IAQll c 0.007 A-' and IAQJ < 0.005 A-' along the [110] and [IiO] 
directions, respectively. If we apply equation (2). the ratio of the exchange constants is 
[J' /JI  < 0.018. 

The temperature dependence of peak intensities of the magnetic reflections at (ffl), 
1 = 0, f .  3, i, is shown in figure 4. ,%e peak intensities were measured by scans along 
(f $0. Diffuse-scattering parts were subtracted from the data. As temperature is decreased, 
they all appear from the Nkel temperature TN = 64 K and relative intensities are constant 
within the experimental error. This can be interpreted as indicating that the magnetic 
ordering is not a multidomain type with non-equivalent I = 0 and 1 modulations but 
a multi-Q structure including both the modulations. The feature that the intensity does 
not saturate, even below TN/Z, reflects the finite correlation length of the magnetic Bragg 
scattering. 

Neutron scattering intensities of magnetic reflections were measured by 8-28 scans and 
scans along the c direction at T = 10 K. The absolute intensity was obtained by fitting 
the scattering profiles to the Gaussian form convoluted with the instrumental resolution as 
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0.97 0.38 0.93 1 1.01 1.02 1.03 
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-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 
5 

Figure 3. Scans Lhrough the ($40) magnetic reflection along (a) [llOl and (b) [WII 
directions. Dashed and solid lines are fits to the resolution and the Gaussian function 
~(AQI. )  exp[-(AQu./qC)*1 convoluted with the resolution, respectively. 
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shown in figure 3. It was corrected for the absorption. The intensity is written as 

cc (if(~))2 [IEML(Q)IL 

FM(Q) = SReiQ'R FML(Q) = FM(Q) -Q(Q.FidQ)) (3) 
magnetic "Olt ecll 

where g and f ( Q )  are the g factor and form factor of Cs' respectively, and [Iav stands for 
an average over multidomains. The intensity was divided by the square of the form factor 
f ( Q )  approximated by calculation 1161, and is listed as IFMI:~ = (g/2)2[1F~~(Q)lz], in 
table 2. 

3.3. Polarized neutron diffraction 

In order to directly measure components of FM~(Q),  we carried out the polarization analysis. 
Spin flip and non-flip scattering of magnetic reflections were measured at T = 10 K. They 
are given by 

It? = ZU [le. ~ ~ ( Q ) l z l a v  IN = cc [IFML(Q)I' - le F ~ ~ ( Q ) l ~ l a v  (4) 
where IT$. for example, stands for the intensity of down-spin neutrons scattered from the 
up-spin state, and e is a unit vector along the neutron spin, which is parallel to the guide 
field. Terms coming from e [FG,(Q) x FML(Q)] are neglected, because they vanish after 
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lsble 2. Observed and calculated squares of magnetic s v u c m  factors of Li- al T = 10 K. 
calculated values are for the model stmcmes shown in figure 5(a). (b) and (e). 

IFMI:,, 

fikl IFMlr 

$40 0.41(0.04) 
4 f 4 0.34(0.03) 
4 4 1 0.32(0.03) 

i f 2  0.075(0.07) 
$ f 0.086(0.W9) 
f 43 0.34(0.03) 
f f 3 0.36(0.04) 

' ' 0.23(0.02, ;iz 0.083(0.W8) 

3 3  2 
$46 0.27(0.03) 

025(0.03) 
f 3 0 OAO(0.04) 
3 5 0.27(0.03) 
3$1 0.16(0.M) 
f$f 0.38(0.04) 
f f2 0.30(0.03) 
$43 0.3H0.04) 

_-- i i; 0.37(0.04) 

$44 0.40(0.04) 

_-- ' ' " 0.038(0.004) 

0.22 0.39 0.39 
0.08 0.33 0.33 
0.14 031 0.30 
0.12 0.35 0.35 
0.133 0.079 0.076 
0.076 0.077 0.078 
0.17 0.32 0.32 
0.07 0.37 037 
0.12 0.39 0.39 
0.09 0.23 0.23 
0.121 0.0% 0.086 
0.070 0.035 0.039 
0.14 0.23 0.28 
0.07 0.30 0.31 
0% 0.39 0.39 
0.08 0.26 0.26 

0.14 0.17 0.16 
0.13 0.38 0.38 
0.14 0.31 0.30 
0.20 0.36 0.36 

taking the average on domains corresponding to the inversion symmetry. The polarization 
analysis measurement was carried out in the (hhl) zone with a vertical guide field along 
the [ l iO]  direction. The results were corrected for the instrumental depolarization, and are 
listed as Itt/(ltt +It$) in table 3. 

A few data of the polarization analysis provide an important qualitative conclusion. If 
the wave number Q is nearly perpendicular to the c axis, such as Q = ($$Z) and ($11 )  with 
1 = 0 and f .  It, and It4 detect ordering in the c plane and along the c axis, respectively. 
From table 3, one sees that both I?? and It6 for small 1 are finite. Therefore we conclude 
that the magnetic structure has components both along the c axis and in the c plane. 

4. Analysis of magnetic structure 

4.1. Requirement of magnetic structure 

The indexes of magnetic reflections, (;$), 1 = 0, &f, Al. -+;. A2,. .., imply that the 
magnetic unit cell contains 18 sublattice Cr sites, three sublattices in a layer and six layers, 
which are illustrated in figure 1 by A,,, B. and C. (n = 0,1,2,3,4,5). Coordinates of the 
18 sublattice sites, RA", RB. and RC. at An, Bn and C, (n = 0, 1,2,3, 4,5) rmpectively, 
are& = (000). RA, = ($11 3 3 ) . R ~ = ( g g ~ ) r R ~ , = 1 0 0 1 ) , R ~ = ( $ ; ~ ) , R ~ I  4 2 2  = ( g g &  4 2 5  
RB. = Rh + (100) and Rc, = Rb + (ZOO), 

No magnetic reflection is observed at Q = (001) and (Il l) ,  1 = O,*;, f l ,  &:. f2,. . .. 
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lsble 3. Observed and calculated values of It? f ( l p t  + It&) of L i m  at T = 10 K. Caldated 
values ars for the model structures shown in figure 5(a), (b) and (e). 

4 $0 0.60(0.01) _ _ _  ;;; 0.09(0.01) 

4; 1 0.22(0.01) 

$42 0.84(0.02) 
f f f  0.44(0.@2) 

f f ; 0.09(0.01) 

4 f 0.42(0.01) 

f f 3  0.74(0.01) 

444 0.15(0.03) 
f 1 f 0.57(0.05) 
$30 0.61(0.02) 
53; O.ll(0.03) 
4 $1 0.37(0.05) 
3 3 1 0.38(0.03) 
$ $2 024(0.04) 

0.50 0.61 0.63 
0.20 0.11 0.12 
0.21 0.21 021 
0.55 0.40 0.41 
0.22 0.83 0.85 
0.22 ~ 0.45 0.48 
0.64 0.74 0.75 
0.22 0.09 0.10 
0.23 0.17 0.16 
0.74 0.61 0.62 
0.50 0.61 0.63 
0.20 0.13 0.15 
0.21 0.39 0.40 
0.51 0.37 0.38 
0.21 0.21 0.21 

From this extinction rule, one can easily prove that the summation of the three sublattice 
s spins at A,, B, and C, in each layer is zero, 

S A ”  +SE” + s, = o  (5) 

where S,, for example, stands for the sublattice spin at A,. If this condition is satisfied, 
the magnetic structure can alternatively be written by a 6-Q structure 

S, = C(uj e’qi” + UT e-i*.R) = C ~[ui cos(% . R) + U! sin(% . R)] 
6 6 

(6) 
j=1 j-1 

41=(3 ’3 ’o )  1 1  qz=(-3.5.0) 2, 1 .=(- 1 2  -- 0) 

..=(- 1 1 1  ) -qj=(-- 2 1 1  ) q6=(1 -2 1 )  

3 ’  3 ’  

3 ’ 3 ’ 5  3 ’  3’ 2 3’ 3’2 

with complex polarization vectors uj = U; - iuy. Thus adjustable parameters for the 
magnetic structure are 12 sublattice spin vectors S, and SE., or equivalently 12 real 
vectors U; and U;. 

As discussed in section 3.3, the polarization analysis shows that the ordered spins have 
both c axis and c plane components. As a result, the 120” structure in the c plane and 
ordering only along the c axis are rejected as the magnetic structure. In the following, 
several structure models consistent with this and the reshiction (5) are fitted to data of 
IFMI& and 2?~/(2?? + It&) given in tables 2 and 3. It should be noted that we calculated 
the average [I, of equations (3) and (4) by assuming that all multidomains can be derived 
by operating space group transformations to a model structure. 
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(e) 
Figure 5. Magnetic structure models. 18 mows labelled by &, B. and C, (n = 0.1.. . . , 5 )  
represent 18 sublattice spins S,, SB- and 3% respectively. Spins of model structures are 
contained in a plane including the c axis and a direction e. in the c plane shown in figure 1. 
Structure paramelen are values of the best-fit result. (Q) Single-Q 120' smcture with q = qL 
and q d .  (b) Single-Q "re with Linear polarization for q = qi and q4. (c) General 120' 
smcture. Rotationalduectionisdenotedby +or-. (d)Thebest-fitsvuctureofthe+-+-+- 
120° smchlre. (e) Double-Q 120" smchlre. 
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4.2. Single-Q 120" structure 

We consider the simplest 120" structure model described by the single-Q structure with 
wave numbers qj with j = 1.2,. . . ,6. They are written by 

SR=aje  iqi.R + a; e-i@.R - - 2[aJ cos(qj . R) + ay sin(9 . R)] 

a'. I a'! la;.\ = \ay\ J I '  
(7) 

From~the requirement of the polarization analysis, the 120" structure should be in a plane 
including the c axis. Since a tramfonnation aj 4 Sxaj'with any real number x does not 
change the intensities (3) and (4), we can impose a condition that a; is parallel to the c 
axis without loss of generality. 

Least-squares fitting was performed with four parameters, spin lengths \ail,  lail and 
directions of a;' and ai, which determine the plane containing spins. One of the least- 
squares solutions is shown by the 18 sublattice structures in figure 5(a). They are the 
single-Q 120" structures with q1 and 94. The other domains are derived by the threefold 
symmeby around the c axis. Calculated values of structure factors and z T T / ( I l t  + I T $ )  for 
the least-squares solutions are listed in tables 2 and 3. From these values, we conclude that 
the observation cannot be fitted by this model. In agreement with this, the minimum value 
of x 2  = 3034, defined by xz = X[(obs. - calc.)/error]*, is far larger than x 2  w 35 which 
is required for good fitting by the x 2  test. 

4.3. Single-Q structure with linear polanmion 

Secondly, we consider the single-Q structure with a linear polarization, equation (7) with 
U; I\ U;. Because of the invariance of  the^ intensities by the transformation aj + e'"aj, 
we can choose ay = 0 without loss of generality. Least-squares fitting was performed with 
six parameters, a; and a&. The solution is illustrated as the IS sublattice structures in 
figure 5(b) for q1 and 44. Calculated values of structure factors and + T / ( I t t  + IT&) are 
listed in tables 2 and 3.  the^ minimum value of xZ = 21.8 is sufficiently small and the 
calculated values well reproduce the observation. However, we cannot accept this model 
structure, because the maximum magnetic moment, 3 . 8 ~ ~ ~  is too large for C?+ which has 
3p~g. It should be noted that fitting with non-collinear ai and ay was also performed, but 
the result did not essentially improve the collinear case. 

4:4. General I2(P~smrcture 

Thirdly, we consider general 120" structures in a plane including the c axis. This is 
illustrated in figure 5(c). The 120" structure in one layer has a discrete degree of freedom, 
which~is the rotational duection, clockwise (+) and anti-clockwise (-). The structures 
are classified by a sequence of the rotational directions of the six layers. There are eight 
independent classes: ++++++, +++++-, ++++--, +++-+--, ++-++--, 
+ + + - --, + + - + --, + - + - +-. 

Least-squares fitting was performed for the eight classes, each of which has seven fitting 
parameters of the spin length and angles (Y and qL(n = 1.~2, . . . ,5). The minimum of x 2  
is listed in table 4. From these values, we conclude that only the + - + - +- structure is 
acceptable and reproduces the observation. One of the best-fit spin configurations is shown 
in figure 5(d). The value of magnetic moment is 2.7~~. which is quite reasonable for 
the quasi-2D system. Thus we think that this model structure is the correct 120" structure 
sought for LiCrOz. 
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Table 4. Minimum value of xz for lhe general 120' stmcture in a plane including the c axis 
shown m figure 5k). 
Rawion ++++++ +++++- ++++-- +++-+- 
X 2  3036 1386 1606 580 

Rotation ++-++- +++--- ++-+-- +-+-+- 
X l  2162 1311 ~ 867 30.6 

To obtain the explicit mathematical form (6) of the fitted + - + - +- structures, six 
amplitudes lajl were calculated for the least-squares solutions. All the solutions show that 
only two amplitudes for (q1. qs), (42, qs )  or (43, q4)  are equal and appreciable, and that the 
others are an order smaller. This strongly suggests that the solutions of the + - + - +- 
structure can be well expressed by double-Q structures. 

4.5. Double-Q 120" structure 

Finally, we check the possibility of the double-Q 120" Structure. As will be shown in 
the appendix, the + - + - +- 120" structures with certain restrictions can be expressed 
by double-Q forms with wave numbers (41. qs), (42. 4.5) or (q3.44). This structure for 
(91.45) is shown in figure 5(e). The doubleQ form requires that spins at &, Bz and C, 
are parallel, and that spins at AI, Bs and C5 are parallel. If the double-Q 120" structure is 
assumed to be in a plane including the c axis, there are four structure parameters, the spin 
length, the angle j3 between S, and SA,, the angle y between S, and the c axis and the 
angle CY. As shown in the appendix, ,B and y cannot be determined independently; only 
j3 - 2y can be fitted. 

Least-squares fitting was performed with the three parameters, and two solutions were 
obtained. Calculated structure factors and I t t / ( I t t  +It&) are given in tables 2 and 3. They 
are in good agreement with the observed values, and x 2  = 34 is acceptably small. One 
fitted structure is shown in figure 5(e), where y = -10" is assumed. Its fitted parameters 
are magnetic moment 2.68 f0.13pB and j3 - 2y = -105 f0.5", CY = 158f3" .  The other 
solution has the same magnetic moment and ,B - 2y, but a little different (Y = 142 & 3". 
Since the two values of CY are not very different, one may interpret this as indicating that 
the difference is not intrinsic and the true value is (Y = 150". By comparing figure 5(e) and 
(d) ,  one sees that the two fitting results are essentially the same. Therefore we conclude 
that, if the 120" structure in a plane including the c axis is assumed, neutron scattering 
data show that the magnetic ordering is the double-Q 120" structure characterized by the 
+ - + - +- rotational directions. 

It should be noted that the fitting result of the double-Q 120" structure is also essentially 
the same as that of the single-Q structure with hear  polarization. This is understood by 
the form of the complex polarization a1 and-as given by equation (A7). They are collinear 
(a; 11 U;, j = 1,5). If a transformation a1 -+ e-ip'2u1 is made to the single-Q structure 
(7) with q1. the resulting structure is nothing but the structure shown in figure 5(b) for q1. 
Similarly a transformation a5 + - 2(n-p)/2a5 and a 120" rotation are made to the single& 
structure (7) with qs, one reaches the structure. shown in figure 5(b) for 94. 
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5. Discussion 

As discussed in the introduction, Soubeyroux et al [9] measured magneticmucture factors 
using a single crystal, and proposed a complicated magnetic smcture. Their data cannot 
be quantitatively compared with our data, because they did not explicitly define structure 
factors. We think, however, that both sets of data are essentially the same and do not 
depend on the sample, because they have the characteristic feature that (4f2) and ($4;) 
are weak in the ($$ series reflections. It is because of this feature that not the single-Q 
120" structure but the single-Q structure with linear polarization reproduces the structure 
factors. Thus the point of the present work is that we have noticed that a summation of two 
single-Q structures with the linear polarizations can be the + - + - +- 120" structure in 
a plane including the c axis. 

From the (3d)3 electronic configuration of CS', the anisowpy energy is expected 
to be the single-ion type D(Sz)z. The 120" structure in a plane including the c axis 
indicates negative D, the Ising-like anisotropy. 120" structures in planes including the c 
&is are observed in other Heisenberg antiferromagnets on stacked triangular lattices, such 
as VClz [17], CsNiCb [18] and RbNiCI3 [19], in which the stacking is the AAA.. . type 
and the spin arrangement along the c axis is the simple antiparallel sequence. In all 
these antiferromagnets, successive phase transitions of ordering of the c axis and c plane 
components commonly occur [17-191. The successive phase transitions can be observed as 
the temperature dependence of intensity ratios of Z( i f1  = large) to Z ( 4 4 1  = small). No 
such behaviour, however, was observed in the temperature dependence of the intensities of 
the magnetic reflections shown in figure 4 even at T = TN - 0.5 K. This can be interpreted 
in two ways. (1) The anisotropy parameter D is very small and the split of TN is much 
smaller than 0.5 K. (2) The main anisotropy is not the single-ion-type anisotropy. There 
is a certain anisotropic interaction which stabilizes the double-Q 120" structure. It brings 
about just one phase transition. 

We would like to make a few comments on the mechanism by which the doubleQ 
120" structure is stabilized, which remains to be studied. The double Q, for example 
q1 and qs, are not equivalent in reciprocal space, and thus J(q1)  # J(qs) ,  where 
J ( q )  = Zj Jij exp(iq.Rjj). As discussed in the inwduction J ( q )  takes the minimum value 
on the degeneration line (2), if only the nearest-neighbour intralayer (J) and interlayer 
(J') exchange couplings exist. Although the degeneracy is lifted by perturbations for the 
real system, the appearance of the double-Q structure means that the degeneracy is very 
weakly broken and the difference between J Q )  and J(qs )  is very small. This agrees with 
the observation of the 2D diffuse scattering [9], which we also confirmed. In fact, a scan 
along ($)C) shows no three-dimensional modulation even at TN + 0.5 K. In addition to 
the degeneration line, there should exist an interaction which favours the double-Q 120" 
structure. As shown in figure 5(e), the structure is characterized by the + - + - +- 
rotational directions. One may think that the rotational direction is expressed by Sf x Sj, 
and hence the Dzyaloshinsky-Moriya interaction may stabiliize the structure. However the 
Dzyaloshinsky-Moriya interaction is prohibited by the space group R5m of the a-NaFeOz 
structure. We checked small deformation of the structure by x-ray powder diffraction at 
room temperature, but no superlattice peak was detected. 

6. Conclusion 

Magnetic ordering in the quasi-two-dimensional antiferromagnet on the stacked triangular 
lattice LiCrOz has been studied by means of susceptibility, neutron diffraction and 
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polarization analysis measurements. The rhombohedral stacking complicates the three- 
dimensional magnetic configuration. The polarization analysis and the temperature 
dependence of the magnetic reflection prove that both the c axis and c plane components 
establish long-range order at a single phase transition temperature TN. The temperature 
dependence of the susceptibility strongly suggests that a 120" structure is established in 
each layer. If the 120' structure in a plane including the c axis is assumed in each layer, 
neutron data show that magnetic ordering is the double-Q 120" structure with wave numbers 

sequence along the c axis of the rotational direction of the 120" structure. Interactions 
which stabilize the double+ 120" structure remain to be clarified. 

p = ( T s O )  1 1  and (-$ti), which is shown in figure 5(e). It is characterized by an alternating 
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Appendix A. 

We will show that the double-Q structure really represents the coplanar + - + - +- 120" 
structure. We start from the general 6-Q structure (6), and modify it to a more convenient 
form for the six layers at z = 0, 4 .  . . . , 5. The positional vectors are written as 

R =  

where d = ($$$) and 
and (2,0, 0) for A,, B, and C., respectively. Inserting (AI) into (6), we ob& 

(n = 0, 1, . . . , 5 )  

= (integer, integer, 0). For example, Ro = (O,O, 0), (1,0,0) 

(A2) SR = b. F ? " ~  + bz 

with complex polarization vectors bn = % - ib: 

z = n/3 

bo = a1 + a 2  + a 3  + a4 + a s  + a6 
bi = pal + p'az + a 3  + eki3(pa4 + p"a5 + a6) 

b2 = p'al+ pal + a 3  + eibl3(p*a4 + pa5 + w) 
b3 = al + a 2 + a 3  + e m ( a 4 + a 5  +a61 

b4 = pal  +pi% + a3 + ei4""(pa4 + p*as + w) 
bs = p*al+ P% + a3 + e'5*nfp*a4 +pas + ag) 

where P = 2%". Equation (A2) becomes the + - + - +- 120" structure, if bn satisfy 
4 = b6 exp(iP,), (n = 1,3,5), b,, = bo exp(ip.), (n = 2,4) 

lbbl = [b{[ bb I b;l. (A4) 
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Equations (A3) and (A4) becomes simple if doubleQ structures are assumed: If only 
la11 and la51 are finite (A3) becomes ~ . ' 

bo = a, + a5 
bl = P ( U I  - as) = pb, 
bz = p*(ai +as) = p*bo 
b, =a1 -a5 
b4 = P ( ~ I  +as) = pbo 
bs = p*(al  -as) = p'b3. 

, . ,  

The doubleQ structure becomes the + -~+ - +- 120" structure, if b, satisfy 

b, = bgexp(i6) lbbl = lbgl bb I bg. (A6) 
The resulting structure is shown in figure 5(e). The parameter p is the angle between S, 
and SA3. If the 120" structure is in a plane including the c axis, bo is wriaen as 

bo = Ibbl(ec - ie,)eiy 

where e, and e, stand for unit vectors along the c axis and in the c plane, respectively, 
and y is the angle between Sb and the c axis. The complex amplitudes a1 and a5 are 
expressed as 

From this equation one sees that not p and y independently but the combination p - 2y 
can be determined by neutron scattering, because the phase factors of (A7) do not affect 
intensities (3) and (4). 

One can reach similar expressions to (As) for the double-Q structures with (qz, 96) and 
( q 3 , 9 4 ) .  This is a matter of conrse, because they can be derived by the threefold symmetry 
around the c axis. The other double-Q structures such as that with ( q 1 . 9 4 )  can easily be 
shown not to express the + - + - +- 120" structure. Therefore we conclude that only 
three double-Q structures with (91, qs), ( q 2 , 9 6 )  and ( 9 3 , 9 4 )  can be the + - + - +- 120" 
Stmcture. 
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